The role of aminoacyl-tRNA synthetases in the in vivo synthesis of adenylylated bis(5'-nucleosidyl) tetraphosphates (Ap4N) was studied by measuring the concentration of these nucleotides in Escherichia coli cells overproducing lysyl-, methionyl-phenylalanyl-, or valyl-tRNA synthetase. Overproduction of each aminoacyl-tRNA synthetase (20-to 80-fold) was accompanied by a significant increase in intracellular Ap4N concentration (3-to 14-fold). As expected, nonadenylylated bis(5'-nucleosidyl) tetraphosphate concentration was not changed by synthetase overproduction. It was also verified that overproduction of an inactive methionyl-tRNA synthetase mutant did not modify Ap4N concentration. Ap4N accumulation during heat shock occurred in all strains studied.
accumulation during heat shock occurred in all strains studied.
The increase factor (=50-fold after 1 hr at 48QC) was not changed by overproduction of any of the aminoacyl-tRNA synthetases studied, including that of the heat-inducible form of lysyl-tRNA synthetase from the IysU gene. Together, these results establish that aminoacyl-tRNA synthetases are involved in Ap4N biosynthesis during exponential growth as well as during heat shock.
Adenylylated bis(5'-nucleosidyl) tetraphosphates (Ap4N, where N is A, G, C, or U) are natural compounds occurring in prokaryotic as well as eukaryotic cells (1) (2) (3) . Interest in these nucleotides arose because (i) they were believed to be reliable mitotic indices of cellular activity (1) (2) (3) (4) and (ii) their cellular concentration varies in response to various stresses (5) (6) (7) (8) . From the latter observation, it was hypothesized that Ap4A is an "alarmone" involved in cellular homeostasy after heat shock or oxidizing treatments (6) .
Several enzymes can degrade the Ap4N in vitro. They have been isolated and characterized from numerous organisms (see refs. 1-3, and 9-14 and refs. therein). In the case of Escherichia coli, the gene of an Ap4N hydrolase could be cloned and overexpressed within the bacterium, causing a marked reduction of the intracellular Ap4N pool (15) . This experiment -showed unambiguously that the E. coli Ap4N hydrolase characterized in vitro was responsible for Ap4N catabolism in vivo.
In contrast, the enzyme(s) responsible for in vivo synthesis of the Ap4N family has not yet been identified. In vitro, Ap4N production from ATP and NTP can be catalyzed by aminoacyl-tRNA synthetases (aaRSs). These enzymes catalyze the activation of an amino acid with ATP to form an enzymebound aminoacyl-adenylate and pyrophosphate (16) . Attack of this aminoacyl-adenylate by NTP produces the expected Ap4N (17) . Such a reaction has been demonstrated with many aaRSs isolated from bacteria, yeast, euglena, mammals, and plants, as well as from yeast and euglena mitochondria or from euglena chloroplasts (refs. 17-21 and refs. therein).
Moreover, in the cases of the aaRSs specific for lysine, phenylalanine, proline, and alanine, the rate of Ap4N synthesis in the in vitro assay is strongly stimulated by addition of micromolar amounts of zinc (21) .
Therefore, it is tempting to consider that the aaRSs are involved in vivo in the anabolism of Ap4N. One way to probe this hypothesis is to modify the in vivo activity of aaRS and to follow the consequent changes of Ap4N concentration in the E. coli cell. The strategy used in this study to change aaRS activity was to overproduce some of the aaRSs from cloned genes.
MATERIALS AND METHODS
Bacterial Strains and Plasmids. Recipient E. coli strain JM1O1Tr {(Alac, pro), supE, thi-J, recA56, srl 300::TnIO [F'(traD36, proAB, lacIq, lacZAM15)]} was used in this study (22) . All plasmids used are listed in Table 1 . Plasmid pXVall7 was derived from pHOV2 (26) by inserting the 4.5-kilobase-pair (kbp) Cla I/Nar I fragment carrying the ValS gene into the Cla I site of pBluescript (pBS) KS(-) (Fig. 1) .
Plasmid pXLysCla3 was constructed from pLC4-5 (27) by subcloning a 7.2-kbp Cla I/Cla I fragment into the corresponding site of pBS KS(+). Plasmid pXLys5 was obtained from pXLysCla3 by EcoRV digestion and recircularization, whereas pXLys6 was obtained by Sal I digestion and recircularization ( Fig. 1) . Both plasmids carried lysU, the gene of a heat-inducible form of lysyl-tRNA synthetase.
Cell Culture. A single colony was inoculated into 20 ml of Mops low glucose (0.08%) medium (25) containing 0.1% Casamino acids and 50 ,ug of ampicillin per ml and grown overnight at 37°C without shaking. Cells from this preculture were inoculated into 45-70 ml of Mops medium containing 0.4% glucose, 0.1% Casamino acids, and 50 ,g of ampicillin per ml at a final OD650 of 0.03 and were grown at 37°C with shaking. When optical density reached 0.4-0.5 OD650, aliquots were withdrawn: (i) for nucleotide measurements (30 ml), (ii) for gel electrophoresis (1.5 ml), and (iii) for enzymatic assays (1.5-30 ml).
To follow the effect of a temperature upshift, 1-10 ml of the culture (37°C) was heated by transferring the tube to a water bath at 48°C. Then, aliquots were withdrawn at various times: (i) for nucleotide measurements (0.1 ml) and (ii) for tRNA aminoacylation assays (1.5 ml).
Nucleotide Extraction, Purification, and Measurement. The withdrawn culture aliquots were mixed instantaneously with perchloric acid [final concentration, 10% (wt/wt)]. After removal of cellular debris by centrifugation, the extracts were neutralized with K2CO3 and centrifuged to eliminate the KCI04 precipitate (7) . In the aliquots removed during a temperature upshift experiment, the Ap4N concentration was high enough to be accurately assayed from the supernatant deAbbreviations: aaRS, aminoacyl-tRNA synthetase; LysRS, MetRS, PheRS, and VaIRS, lysyl-, methionyl-, phenylalanyl-, and valyltRNA synthetase, respectively; Ap4N, adenylylated bis(5'-nucleosidyl) tetraphosphate.
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scribed above without further purification. The supernatant was diluted 1:3 in 20 mM Tris HCI, pH 7.8/1 mM MgCl2/0.1 mM ZnCl2 and treated with alkaline phosphatase from Boehringer Mannheim (11 units/ml; 30 min; 37°C) to remove ATP. Then, Ap4Ns were assayed by luminometry (7, 28) . For measurements during exponential growth of the culture, the nucleotides were purified from the supernatant (30 ml) by chromatography on DEAE-Sephadex A25 and then on dihydroxyboryl Biorex 70 (7, 29) . After Iyophilization, the samples were resuspended in 100 Al of 20 mM Tris HCI, pH 7.8/1 mM MgCl2/0.1 mM ZnCl2 and treated with alkaline phosphatase (42 units/ml; 30 min; 37°C) to remove residual ATP. Then, Ap4N and/or Bp4B' were assayed by luminometry (where B or B' is C, G, or U) (7, 28, 30, 31) . SDS/PAGE Analysis. After centrifugation (10 min; 10,000 x g) of a 1.5-ml culture aliquot, the pellet was resuspended into 63 mM Tris-HCI, pH 6.8/2% SDS/2.5 M urea/10% (vol/vol) glycerol/10% (vol/vol) 2-mercaptoethanol (32).
The volume ofadded buffer was adjusted to obtain 0.16 OD650 of the culture per 50 ,l. After heating at 95°C for 3 min, a 50-,ul aliquot was overlaid on a 12.5% polyacrylamide gel. After migration, the gel was stained with Coomassie blue R250 (Sigma) and scanned with a densitometer model PHI 6 from Vernon (Paris). Intensities of the stained bands were compared by cutting and weighing the densitogram areas.
Purification of aaRS. Native valyl-and lysyl-tRNA synthetases (VaIRS and LysRS, respectively) were expressed in strain JM1O1Tr harboring the pXVall7 or pXLysCla3 plas- 10 ,000 x g). The pellet was resuspended in 0.8 ml of buffer (20 mM Tris-HCl, pH 7.8/0.1 mM dithioerythritol/0.1 mM EDTA) and sonicated twice for 30 s at 0°C. Cell debris were removed by centrifugation (10 min; 10,000 x g). tRNA aminoacylation and Ap4N hydrolase activities in cellular extracts were measured as described (10, 39) .
Ap4A synthesis was followed in a 0. (14-fold) .
As already known, the catalysis of Ap4N by PheRS and LysRS can be stimulated by several orders of magnitude in the presence of zinc (21) . A comparison of the in vitro Ap4A synthesis rates by the various aaRSs in the absence or presence of this metal ion (Table 2) shows that ValRS, like MetRS (21) , is insensitive to zinc. As noted above, similar concentrations of two overproduced aaRSs, such as LysRS and ValRS, which behave differently in vitro in the presence of zinc, promote rather identical increases in cellular Ap4N concentration. Therefore, the effect of zinc toward the Ap4A-synthetase activities ofPheRS and LysRS is unlikely to occur in vivo. Cellular Ap4N Hydrolase Concentration Is Not Changed by aaRS Overproduction and Accumulation of Ap4N. To further assess the above conclusion that the overproduction of the studied aaRS is the direct cause ofthe accumulation of Ap4N, the possibility that the catabolism of these nucleotides is indirectly modified by aaRS overproduction had to be considered. For this purpose, Ap4N hydrolase activity was measured in cellular extracts from strains overexpressing as well as from strains not overexpressing the aaRS. Values of Ap4N hydrolase specific activity in extracts from JM1O1Tr (pXVall7) and JM1O1Tr (pXLys5) strains, were, respectively, 1.25 and 1.4 times higher than the value found in the extract from the control strain JM1O1Tr (pBS). Such small variations enable us to exclude a feedback effect of the abnormally large cellular Ap4N concentrations caused by aaRS overproduction on Ap4N hydrolase gene expression or on the stability of this enzyme. Cellular Ap4N Concentration Does Not Change upon Overproduction of an Inactive Mutant MetRS. The production of foreign proteins in E. coli has been reported to elicit the heat shock response (40). Therefore, it was possible that the massive overproduction of an endogenous protein such as an aaRS may stress the bacterium and cause Ap4N accumulation by a mechanism independent of the aaRS itself. To exclude this, we measured Ap4N within E. coli cells overproducing a mutant form of MetRS unable to form methionyl-adenylate (Y. Mechulam, personal communication), thus unable to ) sustain Ap4N production. The concentration of this inactive enzyme in the cellular extract was estimated from PAGE analysis. By comparing the intensities of the major stained bands on the electrophoretograms of the JM1O1Tr (pBSmetG) and JM1O1Tr (pBSM547KQ335) extracts, it could be concluded that the mutant aaRS concentration in the bacterium was >700 ILM (Fig. 2) . The cellular Ap4N concentration was not modified by such a high protein concentration (Table  1) . Moreover, the gel lanes shown in Fig. 2 are identical for all stained bands, except for the bands corresponding to the overproduced aaRSs. This comparison indicates that the plasmid-directed overproduction of aaRS did not cause observable changes in the expression of the set of E. coli proteins.
Overproduction of an aaRS Does Not Affect the Cellular Bp4B' Concentration. In E. coli as well as in yeast, it has been recently shown that the Ap4N accumulation caused by a temperature upshift is paralleled by the accumulation of another class of nucleotides: the nonadenylylated bis(5'-nucleosidyl) tetraphosphates (Bp4B', where B and B' = C, G, or U, but not A) (30) . Clearly, the Bp4B' family cannot originate from an aaRS-bound aminoacyl-adenylate. Therefore, it was interesting to verify that Bp4B' concentration was not changed by the overproduction of an aaRS. This control was performed by measuring Bp4B' in strains JM1O1Tr (pXVal17) and JM1O1Tr (pXLys5). Concentrations of 0.40 ± 0.10 and 0.35 ± 0.08 1LM, respectively, were obtained that were roughly identical to the concentration (0.25 ± 0.08 ,uM) in the reference strain JM1O1Tr (pBS). This result confirms the above conclusion that the Ap4N concentration variations observed in this study are specific for the overproduced aaRS and do not result from a stress-like response. Otherwise Bp4B' probably would have increased too.
aaRSs Are Involved in the Ap4N Accumulation Triggered by a Temperature Upshift. As mentioned above, E. coli cells accumulate the Ap4N nucleotides in response to a heat shock treatment. To study the role of the aaRSs in this accumulation, Ap4N concentration was followed in aaRS-overproducing strains exposed to a temperature shift from 370C to 480C. The results in Fig. 3 show that such cells, containing constitutive large amounts ofAp4N, still respond to the stress and accumulate the latter nucleotides. In strain JM1O1Tr Table   1 .
(pBSM547KQ335), overproducing an inactive variant of MetRS, the Ap4N variation after the temperature upshift was identical to that in the control strain JM1O1Tr (pBS) (Fig. 3) .
The relative Ap4N variation in the overproducing cells, from before to after the temperature transition, is maintained roughly identical to that in the control cells. For instance, before the heat shock, Ap4N concentration in strain JM1O1Tr (pXLys5) is =10-fold higher than in the control strain JM1O1Tr (pBS). One hour after the temperature shift, the Ap4N concentrations in both strains are increased -50-fold, having remained within the same ratio of 10.
Since lysU expression was reported to be induced by heat (41), a possible increase in LysRS concentration during the heat-shock experiment was searched for by following LysRS concentration in strain JM1O1Tr (pXLys5), 30 and 60 min after the temperature shift. Possible effects of heat shock were also examined on ValRS expression in JM1O1Tr (pXVal 17) , on MetRS in JM1O1Tr (pBSmetG), and, as controls, on ValRS, MetRS, and LysRS in JM1O1Tr (pBS) . In all cases, the aaRS concentrations before the temperature shift and after 30 or 60 min at 480C remained constant within experimental error (<10%). Induction of lysU, if any, was thus insufficient in these conditions, to significantly change the total amount of LysRS within the cell.
DISCUSSION
This study was undertaken to examine the contribution of aaRSs in Ap4N biosynthesis. To solve this question, intracellular Ap4N concentrations were measured in E. coli cells overproducing either MetRS, PheRS, ValRS, or the form of LysRS produced by the lysU gene. Overproduction of any of these enzymes results in an increased cellular Ap4N concentration. Several arguments allow us to conclude that the observed Ap4N concentration increases are directly caused by the overproduced aaRS: (i) overproduction of an inactive aaRS does not increase Ap4N, (ii) as expected from the specificity of aaRS, Bp4B' concentration is not changed by aaRS overproduction, and (iii) cellular Ap4N hydrolase concentration is not modified in the overproducing strains.
Since Ap4N concentration increases after a heat shock treatment, it was of interest to follow the fate of its concentration upon stressing the various overproducing strains by a temperature upshift. As shown in Fig. 3, 1 hr after There are several mechanisms capable of explaining how Ap4Ns accumulate homothetically during heat shock in the various overproducing strains. (i) Ap4N hydrolase might be inhibited or inactivated by the temperature upshift. This is unlikely since, in E. coli strains devoid of apaH, the gene of Ap4N hydrolase, Ap4Ns still accumulate during heat shock (F.L., S. Blanchin-Roland, G. Fayat, P.P., and S.B., unpublished data). (ii) Another plausible hypothesis is that the stress modifies the intracellular concentration of a metabolite capable of acting directly or indirectly on the activities of all the aaRSs. Such a metabolite could be, for instance, pyrophosphate. In E. coli, intracellular pyrophosphate concentration is =0.5 mM (42) . This concentration is high enough to inhibit the reaction of NTP with aaRS-bound aminoacyladenylate and/or to reverse Ap4N synthesis (43) . A decrease in pyrophosphate concentration would increase Ap4N synthesis by all the aaRSs.
Another point concerns the lysU function and expression. Clearly, this gene can be overexpressed from a multicopy plasmid similarly to the other aaRSs studied. The overproduction does not require and is not modified by shifting the temperature of the bacterium. It may be that the cloned DNA carrying lysU lacks some temperature-sensitive elements. Another explanation is that the IysU thermoinducibility, as reviewed by Neidhardt et al. (41) , only reflected a slight change of the rate of biosynthesis of the lysU product, without a measurable change in the stationary concentration of this enzyme after a 1-hr temperature stress. Nevertheless, we still do not understand why LysRS is the only E. coli aaRS expressed from two distinct genes, lysS and lysU, and to what extent the structures and the functions of the products of these two genes are different.
Finally, this study shows that four aaRSs-ValRS, PheRS, MetRS, and LysRS-contribute to the biosynthesis of Ap4Ns. It is likely that the other aaRSs also participate in the synthesis of this family of nucleotides. This conclusion does not exclude, however, the possibility that other enzymes can also make Ap4N in vivo. Noteworthy, in yeast, an Ap4A phosphorylase has been described that is capable of synthesizing both Ap4Ns and Bp4B's (9, 44, 45) . However, such a phosphorolytic activity has not yet been been evidenced in E. coli extracts. This leaves unsolved the problem of the origin of the Bp4B' nucleotides in the bacterium. 
